Aggression between male conspecifics is a complex social behavior that is likely modulated by multiple gene variants. In this study, the BXD recombinant inbred mouse strains (RIS) were used to map quantitative trait loci (QTLs) underlying behaviors associated with intermale aggression. Four hundred and fifty-seven males from 55 strains (including the parentals) were observed at an age of 13 AE 1 week in a resident-intruder test following 10 days of isolation.
| INTRODUCTION
Aggression is a behavior present in virtually every animal species, including humans. The fact that this behavior is so highly conserved suggests that the neurobiological underpinnings are likely to be similar across species. In every species investigated, significant individual variation is present for aggression-related traits, and there is overwhelming evidence that much of this variation is heritable. 1, 2 The reason that this genetic variation has not become fixed during evolution is most probably because this trait is subject to a form of balancing selection conserving such genetic variation across a wide range of environments and stages. 3 van Zegeren 4 showed that, at different stages of the development of a mouse population, either very high or very low levels of aggression would be advantageous and it can easily be seen that such a situation would prevent the fixation of alleles associated with extreme levels of aggression and be conducive to maintaining genetic variation for a trait.
Since the early beginnings of the field of behavioral genetics, mice have been used extensively to investigate the genetics of aggressive behavior. 5, 6 Mouse aggression is a complex phenotype with different types, such as offensive and defensive aggression [7] [8] [9] or maternal aggression, 10 ,11 that can be tested in different ways (eg, using standard opponents vs same-strain opponents, isolated vs nonisolated males, resident-intruder testing vs a neutral cage test). Results from these different tests often do not correlate well across inbred strains, 12 suggesting that different genetic and neurobiological architectures underlie distinct forms of aggression.
In the past few decades, some progress has been made in identifying gene variants important for aggression. 2 Most of these were identified through mutation studies, the most notable probably being genes involved in the serotoninergic (5-HT) system, such as MAOA [13] [14] [15] and several 5-HT receptors. 16, 17 However, it should be noted that, in humans, variants in these genes are mostly involved with abnormal impulsive aggression, and comorbid with depression, substance abuse and borderline mental retardation. Given the paucity of data on natural-occurring variation in aggression, we performed a large-scale study using an extensive set of recombinant inbred strains (RIS) derived from C57BL/6J and DBA/2J. 22 We tested males belonging to 55 strains with the aim of identifying QTLs in this genetically diverse population. Both parental strains show only low levels of aggression 23, 24 possibly leading to a situation where many strains would show no or very little aggression.
To avoid this, we used isolated males and a resident-intruder test on 2 successive days, known to increase aggression.
12,25
2 | MATERIALS AND METHODS
| Subjects
Fifty-three BXD mouse strains were used in this study along with both parental strains, C57BL/6J and DBA/2J (see Appendix S1 for exact numbers of animals tested per strain). A total of 457 males were tested when 3 to 4 months old. All animals used were housed and bred in the SPF mouse facility of the University of Bordeaux 
| Resident-intruder test
Prior to the aggression tests, animals were observed once in an open field 26 and, 4 days later in a radial-maze test (1 session/day for 6 days;
Reference 27). At the beginning of the radial-maze testing, animals were housed individually. Starting on the fifth day after the end of the radial-maze test, the resident-intruder tests took place on 2 subsequent days, that is, after a total of 10 days of isolation housing. As standard opponents, we used males of the pacific A/JOlaHsd strain, which never initiate attacks. Standard opponents were used in up to 10 different tests. The observation started when the intruder was introduced into the home cage of the test mouse and lasted until an attack occurred or a maximum of 10 minutes. Attacks were defined as an animal lunging toward its opponent and attempting to bite it. Observations were immediately stopped at this point to avoid wounding. Attack latency in seconds was measured directly using a stopwatch, assigning a score of 600 seconds to animals that did not attack, and the test was repeated the next day, using a different A/J male intruder. From these data an "attack" variable was derived: individuals that attacked were given a score of 1 (attack latency <600 seconds) and those that didn't were given a score of 0 (attack latency = 600). A third variable ("combined attacks") was derived by combining the data from both days, animals that attacked at least once on either testing day obtaining a score of 1 and those that never attacked a score of 0. Hence, the strain mean for these attack variables reflects the proportion of attacking males in that strain.
| Raw data
All 
| Statistical analysis
All statistical analyses were performed with SAS University Edition 
| Bioinformatics
The genetic and correlation analyses were performed in GeneNet- nlm.nih.gov/pubmed).
| QTL mapping
The QTL mapping module of GeneNetwork was used to identify
QTLs for the aggression trait data. QTL significance was assessed using the likelihood ratio statistic (LRS) obtained after 1000 permutations and 2000 bootstrap tests. QTLs were deemed significant if P genome-wide < .05 and suggestive if P genome-wide < .63, which yields, on average, one false positive per genome scan. 31 The analyses presented were run on raw data. Winsorizing did not affect the results (not shown).
| Correlation analyses
A correlation analysis was done in the GeneNetwork BXD brain tissue gene-expression databases using the trait data for the proportion of males attacking at least once on either of the testing days. We Gene correlates were screened in DAVID (version 6.8; david.
abcc.ncifcrf.gov) based on gene ontology classification in order to identify genes with relevance to aggression. Gene ids were updated in Gene (www.ncbi.nlm.nih.gov/gene), when needed.
3 | RESULTS
| Strain differences
We found significant strain differences for latencies and proportions of attacking males on days 1 and/or 2. For the attack latencies (overall: F 50,370 = 2.74, P < .0001; day 1: F 54,392 = 1.93, P < .0001; day 2:
F 50,370 = 2.86, P < .0001) there was a significant decrease of overall latencies from day 1 to day 2 (F 1,370 = 1.37, P < .0001) that differed among strains (days*strain: F 50,370 = 1.40, P = .044). In contrast, for the attack variables (day 1: χ 2 = 111.3, df = 54, P < .0001; day 2: χ 2 = 113.7, df = 50, P < .0001), the change from day 1 to day 2 was not different among strains (χ 2 = 53.7, df = 50, P > .33). Combined attacks also differed strongly among strains (χ 2 = 112.7, df = 50, P < .0001). From the ANOVAs we derived the intraclass correlations, which were moderate to low (latency day 1: 0.103, latency day 2:
0.184, attacks day 1: 0.148, attacks day 2: 0.175, combined attacks: 0.180).
| QTL mapping
In our initial analyses, no significant loci were found, although 2 QTLs on Chr 1 were suggestive or borderline suggestive for all variables (Figures 1-6 ). Another suggestive QTL was found for attack latency on day 2 on Chr 12 ( Figure 2) . However, there were 5 BXD strains 
| Positional candidates
Of the 96 genes within the Chr 1 interval (see Appendix S2) for which gene ontological and functional annotation is available, one gene, Htr2b, 5-hydroxytryptamine (serotonin) receptor 2B, is the only one known to be associated with behavior, specifically, with impulsive aggression. Besides Htr2b, 10 genes are linked to neural-related processes (Efhd1, EF-hand domain family member; Akp3, alkaline phosphatase 3, intestine, not Mn requiring; Chmd, chondromodulin;
Dner, delta/notch-like EGF repeat containing; Ecel1, endothelin converting enzyme-like 1; Irs1, insulin receptor substrate 1; Itm2c, integral membrane protein 2C; Nppc, natriuretic peptide type C; Neu2, neuraminidase 2; Nmur1, neuromedin U receptor 1).
| Brain tissue correlates
The aggression phenotype for which a significant QTL was obtained, Proportion of males attacking on day 2. A, BXD strain differences for proportion of males attacking on day 2 (ordered by strain). B, Whole-genome QTL scan including all BXD strains (see Figure 1 legend for description). C, As B, but with 5 BXD strains (61, 65, 66, 89 and 90) excluded FIGURE 6 Proportion of males attacking at least once on days 1 and 2. A, BXD strain differences for proportion of males attacking at least once on days 1 and 2 (ordered by strain). B, Whole-genome QTL scan including all BXD strains (see Figure 1 legend for description). C, As B, but with 5 BXD strains (61, 65, 66, 89 and 90) excluded
| DISCUSSION
In this study, the BXD family of strains was used to identify loci and candidate genes involved in isolation-induced intermale aggressive behavior as measured using the resident-intruder test.
Overall, the BXDs are not very aggressive; which is not surprising considering that compared with other mouse strains neither are the parental strains, 23 especially the C57BL/6J (both in a neutral cage and a resident-intruder test, cf. Reference 24). In spite of this, there were significant differences among strains that enabled us to identify a QTL on Chr 1 for mean attack latency and for total attacks after eliminating a floor effect by removing the data for 5 strains for which not a single animal attacked on either test day. It should be noted that some BXD strains score either higher or lower than the parental strains, indicating that both parents harbor alleles that increase and that decrease the propensity to attack. 33 and W10Q7 associated with growth and body size. 35 Another QTL that may be relevant to the trait is associated with blood pressure. 36 Based on functional relevance to the phenotype, the strongest candidate within the narrow QTL interval is Htr2b, a gene that encodes one of several serotonin receptor subtypes. Htr2b −/− mice are hyperactive and have deficits in pre-pulse inhibition of the startle response, social interaction, memory and attention, and increases in wakefulness as well as impulsivity.
37
HTR2B mutations are also associated with aggression in other species, such as pigs 38 and zebrafish. 39 In humans, a specific 5-HT2B receptor stop codon (HTR2B Q20*) observed in a Finnish male population segregates with severe impulsivity, psychosis and early-onset schizophrenia. 16 These individuals exhibit increased aggressive behavior toward themselves and others, as well as criminal activity, substance abuse, suicide and depression, 18 especially after alcohol use. 40 The biological basis for impulsive aggression is based on the hypothesis that normal levels of serotonin have an inhibitory effect on brain regions that are involved in aggressive behavior so that reduced serotonin activity increases aggression. 41 Serotonin modulates and in some instances inhibits aggressive impulses via 5-HT receptors of the prefrontal cortex which in turn modulates serotonin signaling in subcortical regions. 42 In agreement with this, it has been shown that excessive aggressiveness and impulsivity of male nNOS −/− mice is caused by decreasing 5-HT turnover and deficient 5-HT1A
and 5-HT1B receptor function in brain regions regulating emotion:
hypothalamus, cerebellum, midbrain, hippocampus, amygdala and cerebral cortex, indicating that neuronal NO signaling is upstream of serotonin regulation of aggression. 43 A possible interaction was detected between Chrs 1 and 12.
Within the Chr 12 interval is the Hif1a gene, which regulates the adaptive response to hypoxia and activates the transcription of many genes involved in this process. 44 There is some evidence for a relationship between hypoxia and increased aggressive behavior. 45 This may be relevant to the NO role in serotonin regulation because NO is a major signaling molecule in the response to hypoxia. It increases blood flow and oxygen supply while reducing oxygen consumption. This is speculative but worthy of further investigation. 
